During the past few years we have been working at the Department of Neutron Physics at Centro Atómico Bariloche on an update of the evaluation of the thermal neutron scattering law for light and heavy water. We based our approach on combining the best available experimental data with molecular dynamics simulations. With this methodology we produced a set of new thermal neutron scattering files in ENDF-6 format, that result an improvement over existing evaluations.
Introduction
The Neutron Physics Department at Centro Atómico Bariloche has a long history working on the development of thermal scattering libraries [1 -3] . During the past five years we applied this experience to the improvement of thermal scattering libraries for light and heavy water. As a result we produced a new set of models, the CAB models for water.
This work has been published in part in Ref. [4] (calculation of frequency spectra from molecular dynamics simulations) and in Ref. [5] (models and validation). The reader is referred to these papers for a more in-depth analysis.
Existing models
The double differential scattering cross section gives the probability of interactions that change the energy and direction of thermal neutrons from E and Ω, to E and Ω . This cross section is usually expressed as the product of a bound scattering cross section (σ b ), which is the probability of interaction of neutrons with one stationary nucleus, and a function called scattering law (S(α, β )):
The scattering law is a property of the material, and it is a function of the non-dimensional change in momentum (α) and energy (β ):
where A is the ratio of the mass of the scatterer to the mass of the neutron, T is the temperature of the material and k B is the Boltzmann constant. In the evaluated nuclear data libraries, the thermal scattering law is distributed as part of the thermal scattering sublibrary, using the File 7 section of the ENDF-6 format [6] . Despite the importance of thermal scattering in water for nuclear systems, the scattering law files currently available in the different evaluated nuclear data libraries are still being calculated from two essentially different models: one proposed by General Atomics in the 1970's [7] , and the other initially proposed by IKE Stuttgart in the 1980's [8] .
Currently four of the major evaluated nuclear data libraries contain a thermal scattering sublibrary: JENDL [9] , JEFF [10] , ENDF/B [11] and ROSFOND [12] . The latest version of the JENDL library, JENDL-4.0, was released in 2010 and included the scattering law files for water extracted from the ENDF/B-VI.8 library, which were evaluated using a version General Atomics model to run using the LEAPR module of NJOY [13] . The new version of the European nuclear data library, JEFF-3.2, was released in March 2014 and includes thermal scattering data evaluated by Keinert and Mattes in 2004 using the IKE Stuttgart model [14] . ENDF/B-VII.1 includes thermal scattering data for water evaluated by Macfarlane using a modified version of the IKE Stuttgart model. The latest version of the Russian library, ROSFOND-2010, includes thermal scattering files for water adopted from ENDF/B-VII.
These models provide a good description of the scattering of thermal neutrons in water, but in the last few years there has been some concern raised on the accuracy of these evaluations, specially for heavy water [15, 16] .
Proposed models: CAB models for water
To improve on the existing situation we propose a new set of models, the CAB models for water, which combine results from molecular dynamics simulations with experimental data.
The frequency spectra on which these models are based was computed from molecular dynamics results. Using the molecular dynamics program GROMACS [17] 
where · is the ensemble average over each nuclide ( 1 H, 2 H and 16 O).
Using these results, the frequency spectra is computed as the cosine Fourier transform of the VACF:
where ε = E − E = ω is the excitation energy.
The model for light water is a model for H in H 2 O and uses the calculated spectra for hydrogen in light water, combined with the Egelstaff-Schofield diffusion [19] model to compute the scattering law in the incoherent approximation. The diffusion mass used in the model was obtained from measurements by Novikov [20] .
The model for heavy water is a model for D and O in D 2 O that uses uses the calculated frequency spectra for deuterium and oxygen bound in heavy water. The diffusion component is computed using the Egelstaff-Schofield diffusion model, using a diffusion mass that was estimated from the results for light water:
The coherent component of the scattering cross section is calculated applying the Sköld approximation [21] , with partial structure factors obtained by Soper [22] .
Results and applications
The models presented here were validated using experimental data from double differential, quasi-elastic, differential and total neutron cross section measurements. The results of this validation can be found in Ref. [5] . As an example we show here results for the calculation of the total neutron cross section for light water ( Fig. 1(a) ) compared with measurements by Russell (EXFOR# 11162003), Heinloth (EXFOR# 21341002) and Zaitsev [23] around room temperature ( Fig. 1(a) ). Our model reproduces better the measured values of the total cross section in the cold neutron (E < 1 meV) range, which are overpredicted by the General Atomics and IKE models by 60 to 100 %.
For heavy water ( Fig. 1(b) ), our model reduces the discrepancies found between the existing models and the measurements by Kropff (EXFOR# 30283001). Our model reproduces well the peak found at ∼ 3 meV, but also the features observed around 20 meV, which are caused by the coherent effects in the oxygen cross section (marked with arrows), and not included in the existing libraries.
To test these cross section libraries we ran a group of selected benchmarks from the International Criticality Safety Benchmark Evaluation Project (ICSBEP) [24] . The ICSBEP is a NEA-OECD project to compile, analyze and document criticality experiments to be used as benchmarks. The results of this process are more than 400 benchmarks compiled in the International Handbook of Evaluated Criticality Safety Benchmark Experiments (ICSBEP Handbook), which is edited and distributed every year as a DVD. These benchmarks include a description of the relevant physical parameters and their uncertainties, and an analysis of the effect of these uncertainties in the multiplication factor of the system. For each configuration the expected multiplication factor is given (k bench ), along with an uncertainty value that includes both the experimental uncertainties and the effect of the uncertainties in the different parameters of the system (δ k bench ≥ δ k exp ).
To study the effect of the thermal scattering library (TSL) for light water we selected a group of light water moderated thermal systems with small benchmark uncertainty (δ k bench 100 pcm). The benchmark comprised 11 uranium dioxide fueled systems (from benchmarks LEU-COMP-THERM-054, -058 and -079), one uranium metal system (LEU-MET-THERM-007), 26 uranium nitrate solution systems (LEU-SOL-THERM-004, -007, -011, -019, -021, -023, -024 and -025), 4 systems with uranium dioxide fuel rods and uranium nitrate solutions (LEU-MISC-THERM-001, -002, -003 and -005), 40 systems with MOX fuel rods in plutonium nitrate solutions (MIX-MISC-THERM-002 and -003) and 4 systems with plutonium nitrate solutions (PU-SOL-THERM-012).
The systems were calculated using ENDF/B-VII cross sections and the neutron transport code MCNP5-1.60 [25] . The results show (Fig. 2) an overall similar agreement when the thermal scattering library from ENDF/B-VII is replaced by our library, with differences in the calculations below 100 pcm. In 49 of the 86 systems (57 %) the computed multiplication factor was closer to the benchmark value when the new library was used. To test the heavy water library we selected all the heavy water moderated thermal systems available in the ICSBEP Handbook: 8 systems with high enriched uranium dioxide fuel (HEU-COMP-THERM-017), 11 systems with uranyl-fluoride solutions (HEU-SOL-THERM-004 and -020), 10 low enriched uranium dioxide fuel systems (LEU-COMP-THERM-093), one system with natural uranium in metal form (LEU-MET-THERM-001), 34 systems with low enriched uranium in metal form (LEU-MET-THERM-002 and -015) and one system with 233 UO 2 -232 ThO 2 fuel (U233-COMP-THERM-004). The systems were calculated using ENDF/B-VII cross sections and the neutron transport code MCNP5-1.60.
When the D(D 2 O) thermal scattering library from ENDF/B-VII is replaced with our library for D(D 2 O) and O(D 2 O), the calculated results (Fig. 3) show an improvement in 39 of the 65 cases (60 %), with differences up to 1100 pcm.
Conclusions
In this paper we presented a new set of models for the scattering of thermal neutrons with light and heavy water. In the case of light water, we found an improvement on the calculation of the total cross section below 1 meV, but this improvement has little impact on nuclear criticality calculations. On the other hand, the model for heavy water shows an improvement in the calculation of the total cross section below 3 meV, but also in the ∼ 20 meV range, which has more importance from the reactor physics perspective. When the heavy water library is applied to the calculation of critical systems, changes of up to 1000 pcm are found.
